Schistosoma mansoni cercariae in water were shown to possess a largely aerobic energy metabolism, the Krebs cycle being the main terminal of carbohydrate breakdown. A metabolic transition towards a more anaerobic breakdown of carbohydrate could be achieved by incubation conditions which also stimulated biological transformation. Incubation of cercariae in a simple salt medium containing 5 mM glucose induced such a metabolic transition: beside carbon dioxide large amounts of lactate and pyruvate were excreted. The results indicate that the production of pymvate was coupled to electron transfer in the respiratory chain. Some aspects of this unusual pyruvate production are discussed. The observed change in the end-product pattern of carbohydrate breakdown is very rapid: most of the switch occurred within 2 h. Our results show that the metabolic transition was triggered by the biological transformation itself, or by the same event that induces the biological transformation. The metabolic and the biological changes proceeded synchronously.
INTRODUCTION
Many alterations in the structure and physiology of Schistosoma mansoni accompany the transformation of a cercaria into a schistosomulum (Stirewalt, 1974) . One of the most notable changes is the transition of an aerobic to a more anaerobic energy metabolism (Von Kruger et al. 1978; Thompson et al. 1984) . Remarkably, our knowledge of this metabolic transition -the external or internal factors it is influenced by, its relationship to other transformational changes, or the exact moment in the developmental cycle it takes place -is far from complete. At the moment, the general opinion (Coles, 1984) is that loss of the cercarial tail causes the transition from an aerobic metabolism to the production of lactate in aerobic conditions (Von Kruger et al. 1978) , whereas Krebs-cycle activity is minimized within several hours after tail loss (Thompson et al. 1984) . Other data from the literature, however, suggest that various external factors may be of importance in bringing about the transition. These include: (1) an increase in temperature to 37 °C; an increase from 27 to 37 °C has been reported to induce rapid permeability changes in cercariae and schistosomula (Ramalho-Pinto et al. 1975) ; these permeability changes may be associated with a transition in metabolism; (2) changes in pH, since pH is important in determining the rate of the permeability change (Ramalho-Pinto et al. 1975 , 1974 ; (3) an increase of external glucose concentration, as may be concluded from the observed decrease in oxygen * Reprint requests to Dr A. G. M. Tielens. consumption by cercariae in water after addition of glucose (Von Kruger et al. 1978; Bruce, Ruff & Hasegawa, 1971) ; (4) an increase of the osmolarity of the incubation medium, since a transient lactate production has been reported when cercariae are transferred from water into a simple salt solution (Coles, 1972) ; moreover, biological transformation without tail loss occurs in simple salt solutions (Stirewalt, Cousin & Dorsey, 1983; Cousin et al. 1986a; Cousin, Stirewalt & Dorsey, 19866) ; (5) ageing of cercariae, since aged cercariae are reported to take up larger quantities of glucose than freshlyshed organisms (Bruce et al. 1969) .
In this paper, we present experiments on the metabolic transition. First, cercariae were incubated in water and their carbohydrate metabolism was determined. Secondly, the influence of isotonic media (280-300 mOsm) and of added glucose on freshly-shed cercariae was analysed. Thirdly, the metabolism was investigated after pre-incubation for 18 h under different transformation conditions.
MATERIALS AND METHODS

Chemicals
Bovine serum albumin (BSA) was obtained from Boehringer (Mannheim, FRG), defatted with active carbon and dialysed before use. Foetal calf serum (FCS) and antibiotics were purchased from Flow Laboratories (Irvine, Scotland). FCS was treated for 40min at 56 °C before use. NCTC-135, for the preparation of NCTC-109, was from Serva (Heidelberg, FRG 
Media
Simple salt solutions (S) were prepared at pH 7-4. Glucose concentration in mM is indicated by a subscript number, placed behind the medium indicator; the presence of BSA (0-2%) is indicated by a plus ( + ) sign. As antibiotics streptomycin (200 mg/1) and penicillin (200 IU/ml) were used. S 5+ medium contains 20 mM HEPES, 92-5 mM NaCl, 5 mM KC1, 0-7 mM Na 2 HPO 4 , 1 mM MgSO 4 , 15 mM CaCl 2 , 25 mM NaHCO 3 , 5 mM glucose, antibiotics and 0-2 % BSA. HEPES-buffered water (W, Table  1 ) contains 10 mM HEPES (pH 7-4), antibiotics and 0-1 or 5 mM glucose (W o l and W 5 , respectively). Buffered saline (NaCl 5 , 300 mOsm, Table 2 ) contains 20 mM HEPES (pH 7-4), 132-5 mM NaCl, 5 mM glucose and antibiotics.
Cercariae
Schistosoma mansoni cercariae were shed from infected Biomphalaria glabrata snails at 28 °C for 3 h. The cercariae were rapidly transported from Leyden University to our laboratory (1 h); they were kept at room temperature and 6-8 h after shedding they were used in the experiments. Before use, the cercarial suspension (about 40 ml) was transferred to a 60 ml glass tube and viable organisms were concentrated at the surface of the water by light attraction. Preparations of cercariae, obtained by this procedure, were not contaminated by micro-organisms (as judged by microscopic observation).
Schistomula prepared in vitro
For the in vitro preparation of schistosomula in large quantities, an all-glass 'coffee-pot' was used, as depicted in Fig. 1 . This instrument, modified after Clegg & Smithers (1972) , consists of two tube halves (4 cm diameter) between which a hamster skin which had been scraped off, plucked and dried was clipped. Cercariae were put in water in the compartment above the skin and schistosomula could be pipetted from the bottom of the ' coffee-pot' via the side-arm, without removing the upper part of the tube. The lower compartment, containing a 4:1 mixture of NCTC-109 and FCS, supplemented with 20 mM HEPES and antibiotics (100 ml, pH 7-4), was placed in a waterbath at 37 °C. After 18 h the schistosomula were collected ('Skin', Table 3 ).
Transformation of cercariae
Organisms transformed without skin penetration were obtained by incubation of intact cercariae for 18 h at 37 °C in the same 'coffee-pot' as in Fig. 1 , without skin preparation (in 100 ml of medium), or in 60 ml glass tubes (3 cm diameter) in 40 ml of medium. The transformation medium (pH 7-4) was either S 5+ (Table 3) , or a 1:1 mixture of N C T C -109 and FCS, supplemented with 20 mM HEPES and antibiotics ('Serum', Table 3 ).
Incubations
Incubations were carried out in closed 25 ml Erlenmeyer flasks, containing 2 ml of incubation medium, placed in a rotating incubator (75 rpm) at 37 °C. Organisms transformed in vitro in any of the ways described above were transferred to the incubation vessels after low-speed centrifugation for 2 min (repeated 3 times) and subsequent resuspension in fresh incubation medium.
Incubations of cercariae and transformed organisms were performed for 2 h (1500-6000 organisms/ incubation). Incubations were started by the addition of D-[6-14 C]glucose. If bicarbonate (25 mM) was present in the incubation medium, the Erlenmeyer flasks were flushed for 5 min with a 95 % air/5 % CO 2 gas mixture. In all other incubations the gas phase was air.
After addition through the rubber stopper of O'l ml of 6 M KOH to a removable centre well, incubations were terminated by addition of 0 -l ml of 6 M HC1. If bicarbonate was absent from the incubation medium, 0-1 ml of 0 4 M bicarbonate was added through the rubber stopper immediately preceding acidification.
Analyses
Carbon dioxide was trapped in the centre well by shaking for 2 h after the termination of the incubations. The radioactivity in this fraction was counted in Tritosol, modified according to the method described by Pande (1976) . This scintillation fluid was also used for all other radioactivity measurements.
After removal of carbon dioxide, the acidified supernatant fraction was separated from the worm material by centrifugation and neutralized by the addition of KOH. Analysis of labelled products occurred by anion-exchange chromatography on a Biorad AG 1-X8, 100-200 mesh column (60 x 11 cm) in chloride form (Tielens, Van der Meer & Van den Bergh, 1981) . The column was eluted with 200 ml of 5 mM HC1, 130 ml of 0-2 M NaCl and 130 ml of 0-5 M NaCl. Labelled pyruvate was identified by its Rf value, and enzymatic reduction of the isolated pyruvate to lactate confirmed this.
The glycogen content of cercariae was determined by comparison of the amount of glucose present in neutralized aliquots of an homogenate of the parasites in 0-5 M KOH before and after enzymatic hydrolysis in 025 M phosphate buffer (pH 6) with 2-2 U/ml amyloglucosidase (EC 3.2.1.3). It was verified that this rapid and sensitive enzymatic determination of glycogen levels in schistosomes gave the same results as ethanol precipitation of glycogen (Tielens & Van den Bergh, 1987) .
Glucose was assayed enzymatically using a standard procedure (Bergmeyer et al. 1970) , and protein was determined with the Lowry method, using BSA as standard. All assays were performed in duplicate.
The sensitivity of organisms to water was checked using the procedure and criteria described by Stirewalt et al. (1983) .
RESULTS
Glucose metabolism of cercariae in water
As mentioned in the Materials and Methods section, cercariae were used in the experiments 6-8 h after shedding from the snails. These cercariae were maintained at room temperature before use and contained 35-2 + 2-3 ng protein/organism. Glycogen contents varied from 0-30 to 0-85 /<mol glucoseunits/mg protein, depending on the batch of cercariae.
Cercariae normally do not consume exogenous substrates; for energy production they rely on their endogenous glycogen reserves. Added glucose is utilized at a very low rate, but can be used to monitor the endogenous carbohydrate breakdown if present in tracer amounts (0-1 ITIM) with high specific radioactivity. To ensure that liberated radioactive CO 2 is produced by Krebs-cycle activity, [6-1 ' l C]-glucose was used in all experiments. The first line of Table 1 shows the radioactive end-product pattern of [6- 14 C] glucose catabolism by cercariae during incubation in HEPES-buffered water in the presence of 0-1 mM glucose (W o l ). Although only 3 endproducts are mentioned in this and the following Tables (Tables 1-3) , it should be noted that at least 4 other, unknown, radioactive metabolites were detected in minute amounts by means of anionexchange chromatography. Their total radioactivity never exceeded 15% of the total of carbon dioxide, lactate and pyruvate. Therefore, they have been omitted from the Tables.
As was already established by Bruce et al. (1969) , in water the utilization of external glucose was limited. Glucose utilization, calculated from the radioactivity recovered in all end-products together, represents only part of the total carbohydrate breakdown, since endogenous glycogen stores were utilized rapidly.
It is obvious that in water cercariae function aerobically, since most degraded glucose was recovered as carbon dioxide, generated in the Krebs cycle. These results were obtained with cercariae, incubated for 2 h at 37 °C and at physiological pH 7-4). Raising the glucose concentration to 5 mM (W 5 ) did not alter the end-product pattern, although the rate of utilization of exogenous glucose was increased (Table 1) .
Cercariae could be maintained for 24 h at room temperature, but not at 37 °C, in W 5 medium (HEPES-buffered water with 5 mM glucose) without Table 2 . Radioactive end-products of [6- 14 C]glucose breakdown by Schistosoma mansoni cercariae during incubation in isotonic media (Cercariae were incubated in 2 ml of medium (pH 7-4) for 2 h at 37 °C, in the presence of 01 or 5 mM D-[6-l4 C]glucose (2100 or 60 MBq/mmol, respectively). Values represent the mean + s.D. of (ri) or the average of 2 incubations. See text for an explanation of the different incubation media. Breakdown or synthesis of glycogen was determined in some incubations: * Glycogen breakdown 65 + 7 (S ol+ , n = 3), glycogen synthesis 84±7 (S 3+ , n = 3), glycogen synthesis 24 (NaCl 5 , n = 2), and glycogen breakdown 143 nmol glucose units/h/mg protein (S 5+ plus 1 mM KCN, n = 2), respectively.) apparent loss of viability. In a medium without glucose, survival time was shorter. When present, glucose could be taken up to a certain extent (see also  Table 1 ), slowing down glycogen depletion. Incubation of these aged cercariae in W 5 medium, in the presence of [6-14 C]glucose, did not result in an altered end-product pattern (data not shown). Prolonged incubation at 37 °C or the addition of glucose did not bring about a metabolic transition, and the age of the cercariae apparently had no influence on their metabolism in water.
Glucose metabolism of cercariae and schistosomula in isotonic media
Whereas glucose uptake in HEPES-buffered water was limited (Table 1) , incubation of cercariae in an isotonic salt solution in the presence of 5 mM glucose showed a pronounced increase in the utilization of exogenous glucose (Table 2 , S 5+ , the + sign indicates the presence of 02 % albumin). At the same time, the end-product pattern changed. Beside carbon dioxide, lactate and pyruvate were excreted as major end-products. Therefore, a transition towards a more anaerobic metabolism occurred when intact cercariae were incubated in a simple salt solution containing 5 mM glucose.
Apparently, this transition in metabolism did not occur when only tracer amounts of glucose were present (S ol+ , Table 2 ). An intermediate change occurred in saline containing 5 mM glucose (NaCl 5 ).
During incubation in S o l + medium glycogen was broken down, but in S 5+ or NaCl 5 medium glycogen synthesis occurred. If glycogen breakdown during incubation in S 01+ medium is taken into account (Table 2) , it can be calculated that the total Krebscycle activity did not differ significantly between cercariae incubated in S o l + or S 5+ medium.
As was already mentioned by Coles (1972) , cercariae died within 2 h upon incubation in water in the presence of cyanide, due to a rapid depletion of glycogen stores. However, the organisms survived for at least 24 h in S 5+ medium in the presence of 1 mM cyanide at 37 °C, indicating that the change in glucose uptake capacity occurred rapidly in this medium. After 24 h in the presence of cyanide, glycogen was still detectable in these organisms, which suggests that the rate of glucose uptake sufficed for their survival.
It should be realized that the data in Table 2 represent the average metabolic pattern of a 2-h period during which the parasites were transforming. Cercariae, at the end of a 2-h incubation in isotonic medium, were water sensitive. The organisms were viable and retained their tails. The same holds true for all organisms used in the experiments shown in Tables 1-3, except that schistosomula that had penetrated skin preparations in vitro (' Skin' in Table  3 ), lost their tails during penetration.
After pre-incubation for 18 h in various transformation conditions (Cousin et al. 1986 a) , the organisms were incubated for 2 h in S 5+ medium in the presence of [6- 14 C]glucose. The data in Table 3 show that the metabolic transition to a more anaerobic metabolism had occurred in all three transformation conditions, which were: S 5+ = incubated in S 5+ medium; serum = incubated in N C T C -109/FCS, 1:1; skin = penetrated hamster-skin preparation (see Materials and Methods) and incubated in NCTC-109/FCS, 4 : 1 . After pre-incubation for 18 h in isotonic media the percentage of glucose broken down to carbon dioxide (Table 3) was lower than the average value over the first 2 h in such a medium (Table 2) . Glucose catabolism did not differ significantly between organisms pre-incubated in S 5+ medium or in the presence of serum (first two lines of Table 3 ).
DISCUSSION
Whereas the rate of biological transformation is influenced by many external factors, the metabolic transition from an aerobic to a largely anaerobic carbohydrate breakdown is supposed to be induced only by tail loss (Von Kruger et al. 1978) . Our results contradict this last notion. Moreover, they present evidence that the metabolic transition is triggered by the same event that brings about biological transformation, or by the biological transformation itself.
During incubation in water, cercariae possess an aerobic energy metabolism (Bruce et al. 1971; Coles, 1972; Von Kruger et al. 1978) . The results of Table  1 confirm this and supply additional evidence. Whereas earlier evidence was based on measurement of oxygen consumption and on the absence of lactate production by cercariae in aerobic conditions, our incubations with [6- 14 C]glucose show for the first time the pattern of the end-products of carbohydrate metabolism: carbon dioxide, produced in the Krebs cycle, was by far the major end-product. The endproduct pattern did not change when the glucose concentration of the incubation medium was raised to 5 m.M (Table 1) .
However, incubation of cercariae in a simple salt medium supplemented with 0-2% BSA and 5 mM glucose (S 5+ ) induced a metabolic transition: beside carbon dioxide, significant quantities of lactate and pyruvate were excreted (Table 2) . At the end of the 2-h incubation period the parasites incubated in S 5+ were water sensitive. Apparently, the onset of biological transformation occurring in such a medium is accompanied by a transition in carbohydrate metabolism.
A new and unexpected observation is the production of pyruvate which occurred during the transition. This production has two aspects deserving special attention. First, pyruvate was produced which apparently did not enter the mitochondria. The accumulation and excretion of pyruvate indicate that the mitochondrial capacity is too small to metabolize all the pyruvate produced in the cytosol.
Secondly, together with pyruvate, cytosolic NADH must have been formed and subsequently reoxidized, but the nature of this reoxidation process is unknown. No cytosolic products could be detected in the formation of which NADH was oxidized. NADH may also be 'shuttled' into the mitochondria, in order to be oxidized via the respiratory chain. Our results indicate that the cytosolic NADH is indeed reoxidized by oxygen via the respiratory chain, since cyanide almost completely inhibited pyruvate formation (Table 2) .
If the aerobic production of pyruvate is thus coupled to ATP production in the respiratory chain, this process contributes significantly to the energy generation of 5. mansoni in the period of transformation from the Krebs cycle-dependent cercaria to the mainly lactate-producing adult. In the temporary production of an 'aerobic' fermentation product, this metabolic switch of S. mansoni resembles that of Fasciola hepatica. During maturation of F. hepatica the Krebs cycle, which is by far the main energy-yielding pathway of the juvenile fluke, is gradually replaced by aerobic acetate formation and, finally, by the anaerobic dismutation reactions of the adult liver fluke (Tielens, Van den Heuvel & Van den Bergh, 1984) . The oxygen-dependent production of partially oxidized end-products of glucose breakdown has not yet been further investigated and it is unknown whether it occurs more often, or maybe even is a characteristic phenomenon in the aerobic-anaerobic transitions of parasitic helminths.
The transition towards a more anaerobic carbohydrate metabolism happened only when the isotonic medium contained a high (5 mM) concentration of glucose (Table 2) . However, raising the glucose concentration in water did not result in a shift to an anaerobic metabolism (Table 1) . Apparently, the availability of glucose is essential, but its mere presence does not induce the transition.
On the other hand, when biological transformation is triggered by incubation in isotonic saline, but in the absence of sufficient glucose (Table 2 , S ol+ ), no metabolic transition occurs : the end-product pattern of glucose breakdown is virtually unchanged. These cercariae were transforming, as judged by their water sensitivity, but were less motile after a 2-h incubation than the ones incubated in S 5+ . It cannot be ruled out that the absence of external glucose during transformation results in a disturbed development and moribund parasites.
In the presence of glucose the observed change in the end-product pattern of carbohydrate breakdown occurred very rapidly. Whereas in true cercariae carbon dioxide represented about 80% of the degraded carbohydrates (Table 1) , the average over a 2-h period immediately following the introduction of transformation conditions was 30% ( Table 2 ). The percentage carbon dioxide produced at the end of these 2-h incubations must have been even less than 30% to arrive at this average value. The results of Table 3 indicate that in the period following the first 2 h of transformation no further drastic change in the end-product pattern occurred: after 18 h carbon dioxide represented 8-15 % of the degraded carbohydrate. This shows that the transition towards an anaerobic metabolism took place very rapidly: most, if not all, of the switch occurred within 2 h. The results of the incubations in the presence of cyanide (Table 2) demonstrate that the possibility for the uptake of glucose from the environment also developed quickly. Whereas cercariae died within 2 h upon the addition of cyanide, due to a depletion of glycogen (data not shown), the organisms survived in S 5+ in the presence of cyanide.
Our results show that the onset of a normal biological transformation was accompanied by a transition in carbohydrate metabolism. Moreover, when the rate of biological transformation was decreased experimentally, the rate of the metabolic transition was found to be decreased as well. Cousin et al. (19866) reported that in saline the rate of transformation is lower than in a more complex medium, and Table 2 shows that in saline also the metabolic transition was less pronounced than the one in the more complex medium (S 5+ ). Further proof of the synchronization of biological transformation and metabolic transition can be found in Table  3 : skin-penetrated schistosomula had shifted further towards an anaerobic metabolism than the organisms that were transformed otherwise. It has been reported that skin penetration results in the more rapid transformation (Cousin et al. 1986 a) .
In our opinion the metabolic transition is triggered by the same event that brings about the biological transformation, or -more likely -by the biological transformation itself. It is conceivable that the biological transformation involves such an increase in energy expenditure that the limited aerobic capacities of the parasite are insufficient for the generation of all the energy needed, and that the production of lactate is necessary to supply the deficit.
